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( By Edward Offenhartz 
SUMMARY 


A preliminary investigation of two-dimensional, supersonic cascade- 
type inlets at a free-stream Mach number of 5.11 has been conducted at 
the Langley Aeronautical Laboratory. Two cascade-type inlets utilizing 
different methods of internal-flow compression were designed and tested. 
In one inlet (designated cascade inlet) the passages were contoured to 
generate coalesced compressions; whereas those of the other inlet (desig- 
nated stepped-cascade inlet) were contoured to generate noncoalesced com- 
pressions. Pressure and Mach number distributions as well as shadowgraphs 
are presented for both inlets. With mass-flow ratios of 1, the maximum 
values of total-pressure recovery attained at 0° angle of attack were 0.43 
and 0.45 for the cascade and stepped-cascade inlets respectively, as com- 
pared to a theoretical value of about 0.64 for both inlets. Individual 
passages of the cascade inlet attained maximum values of total-pressure 
recovery of 0.50. The differences between maximum total-pressure recovery 
for the individual passages and the entire cascade inlet are due to the 
losses involved in straightening the velocity profiles of the individual 
passages and to subsonic mixing of the air from individual passages. Both 
inlets were stable in the supercritical region only. The Mach number dis- 
tributions obtained approximately 40 minimum widths downstream from the 
leading edge of the inboard passages of -both inlets were fairly uniform 
across the passage width. Separation of the supersonic flow which 
increases with back pressure takes place within the individual passages 
of both inlets. The separation is asymmetric, and the asymmetry has no 
systematic relationship with back pressure. 


INTRODUCTION 


In the development of supersonic inlets, initial emphasis was placed 
on conical-type inlets. These inlets were designed to be housed within 
the nose of a supersonic vehicle or to be carried externally in wing pods. 


In both cases the inlet and engine are mounted in tandem: Analysis and 
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tests of conical inlets (refs. 1, 2, and 3) indicated that the large 
cowl-lip angles necessary in the design of conical inlets result in high 
values of external wave drag at Mach numbers greater than 2.5. However, 
recent tests of conical inlets (refs. 4 and 5) indicate that it is pos- 
sible to attain high total-pressure recovery without prohibitive external 
drag. . 


To overcome effects of external wave drag associated with conical 
inlets operating at their design Mach numbers, two-dimensional, 
rectangular-scoop inlets were designed and tested, as reported in ref- 
erences 6, 7, and 8. These inlets are fuselage supported in such a 
manner so as to add less external wave drag than conical inlets. Scoop 
inlets so mounted (see fig. 1) direct the compressed air (after subsonic 
turning) to fuselage-housed engines. The inlets reported in these ref- 
erences attain total-pressure recovery almost as great as nose inlets. 


Two-dimensional cascade-type inlets can be housed within the wing 
of a supersonic vehicle in such a manner as to add less external wave 
drag than conical inlets. Two versions of such a wing-root inlet are 
shown in figure 2. The leading edge of the outboard blade tip of each 
passage is similar to the cowl of a conical inlet. However, each of the 
Outboard surfaces of the blades acts as a compression surface for the 
succeeding passage. At the design Mach number, the leading edge of the 
wing and the first compression for each passage are coincident. The 
external wave drag associated with wing-housed cascade inlets is then 
less than that associated with conical inlets. 


In both wing-housed cascade inlets shown in figure 2 the turning of 
the air is accomplished supersonically with the reflected compression CF 
as shown in the inboard passages. Of course, if the air is not to be 
delivered in & streamwise direction, the strength of the reflected com- 
pression can be reduced by utilizing more cutback on the upper blade sur- 
face of each passage. If this process is theoretically carried to the 
limit, & cascade scoop inlet having zero thickness at the upper blade 
tip results, and the air is directed parallel to the compression surface. 
In order to maintain finite upper blade thickness, each passage must be 
brought forward into the free stream. The theoretical total-pressure 
recovery for any one passage of such a cascade scoop inlet would then 
correspond to the value of approximately 90 percent for the isolated 
scoop. | 


The primary purpose of this investigation was to study the starting 
characteristics, flow-mixing characteristics, and velocity profiles in 
cascade inlets. To study these characteristics, the two configurations 
shown in figure 2 (though not optimum pressure recovery inlets) were 
investigated. The data obtained included pressure distributions, total- 
pressure recoveries, Mach number distributions, and shadowgraphs for a 
Mach number of 3.11 and 09 angle of attack. 
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Dr. Antonio Ferri initiated preliminary investigation of cascade 
inlets while employed at the Langley Laboratory. 


SYMBOLS 
Mo free-stream Mach number 
М subsonic-diffuser Mach number 
m/m, ` ratio of measured mass flow to mass flow through a free- 


stream tube of cross-sectional area equal to projected 
inlet frontal area 


Di local static pressure 

Py static pressure at upstream end of orifice plate 
Pg total pressure of free siream 

Pe total pressure after diffusion 

Peif, total-pressure recovery 


AERODYNAMIC DESIGN OF THE CASCADE INLETS TESTED 


Passage contours.- Two cascade-type inlets were designed for opera- 
tion at a free-stream Mach number of 3.0. Different internal-flow com- 
pressión was obtained by contouring the inlet passages. The cascade 
inlet passages were contoured to generate coalesced compressions; whereas 
those of the stepped-cascade inlet were contoured to generate noncoa- 
lesced compressions. 


Consider the cascade inlet shown in figure 2(a). At the design Mach 
number the wing leading edge BC and the first compression generated by 
the surface BE at B are coincident. The flow is further campressed 
by turning the surface BEF such that all compressions generated coalesce 
at the point C. Since the surface CD is cut back from the free-stream 
direction by an insufficient amount to follow the streamline, a reflected 
compression CF results. The intensity of this compression is determined 
by the difference between the flow angles at C as generated by the sur- 
face BE and the cutback angle at point C. 


Consider the stepped-cascade inlet shown in figure 2(b). At the 
design Mach number the wing leading edge BC and the first compression 
generated by the surface BE at B are coincident. The remaining com- 
pressions generated along the surface. ВЕ are spaced so as to generate 
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noncoalescing compressions. The first compression generated at the 
point B is reflected at the point C where the surface CD is cut 
back by a small amount. The remaining compressions generated by the 
surface BE are canceled along the surface CD. 


Cascading.- Cascading results in a reduction of the axial length of 
the inlet and thus the cascade inlet becomes shorter than that of a 
single-passage inlet using identical supersonic turning. The cascade- 
type inlet consists of four identical passages having the required total 
free-stream-tube capture area. Each passage of the cascade-type inlets 
discharges into a common constant-area plenum chamber which serves as a 
mixing region. Thus each passage to this point is essentially an inde- 
pendent inlet. 


Starting cascade-type inlets.- During the starting process of cas- 
cade or stepped-cascade inlets, the mass flow corresponding to the free- 


stream tube based upon the projected passage frontal area must be swal- 

lowed by each passage. The inlet is considered as started when the first 
compression coincides with or is within the inlet swept leading edge, the 
normal shock has passed the minimum, and the mass-flow ratio m/m, is 1. 


Consider an instantaneous shock position during the starting process 
of the stepped-cascade inlet as shown in figure 5. The initial shock is 
assumed to be attached at L and extended a short distance to M. At 
the point M a normal shock occurs. The shock is normal to the internal 
flow from M to N and oblique to the free-stream flow as shown by MP. 
The flow behind the detached shock MP is supersonic such that the oblique 
shock OP is attached at the point O but not coincident with the swept 
leading edge. The shock PR is assumed to be a strong oblique shock 
behind which the flow is subsonic. For the inboard passage, some flow is 
spilled around the inlet as indicated by the streamline TS. The flow 
can also be spilled to the next passage: This spillage from one passage 
to the next is the difference between starting the cascade inlets and 
single scoop inlets as discussed in references 9 and 10. If the mass flow 
spilled is more than that required for equilibrium, then the shock con- 
figuration will move in the downstream direction. The shock IM becomes 
coincident with the swept leading edge 15 and the normal shock MN moves 
downstream past the minimm section of the inboard passage. The shock MPR 
becomes less oblique and the flow at the point O becomes identical to the 
conditions originally shown for the inboard passage. The process is 
repeated for this channel and the others in succession until all passages 
start. 


It has been found experimentally that starting phenomena limited the 
contraction ratio to 2.38 and 2.28 for the cascade and stepped-cascade 
inlets, respectively. The entire starting process takes place almost 
instantaneously with the inboard passage starting first and the outboard 
passage starting last. ү 
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MODELS AND TESTS 


Models.- The two models tested and their corresponding blade geome- 
tries are shown in figures 4 and 5. The leading-edge angle of the swept 
cover walls in the plane parallel to the free-stream direction was 6° for 
the cascade inlet and 129 for the stepped-cascade inlet. Тһе increased 
angle for the stepped-cascade inlet was necessary in order to house glass 
inserts in the cover walls. These inserts enabled visual observation of 
the inlet internal flow. 


The surfaces comprising the inboard and outboard passages of Both 
inlets were instrumented with static- and total-pressure tubes which were 
installed on the blade center lines (see fig. 6). Total-pressure tubes 
were also installed in the subsonic mixing region.  Cover-wall pressure 
orifices were installed at all total-pressure-tube locations for the cas- 
cade inlet. The stepped-cascade inlet had no cover-wall orifices at the 
passage total-pressure-tube locations because of the glass inserts. The 
locations of all measuring stations are shown in figure 6. 


Tests and measurements.- Both inlets were tested at 09 angle of 
attack at a free-stream Mach number of 3.11 and Reynolds numbers of 


approximately 13 and 14.3 x 10°, based upon the inlet height for the 
cascade and stepped-cascade inlets, respectively. Since both inlets 
had the same frontal dimensions, the difference in Reynolds number is 
due to stagnation pressure. The tests were conducted in a supersonic 
blowdown jet of the Langley Gas Dynamics Branch by using dry air sup- 
plied from high-pressure tanks. Figure 7 shows a schematic drawing of 
the test installation. 


The tests were performed in the following manner. With the tunnel 
and inlet started, the throttle valve was turned from fully opened to 
the point where flow instability of the inlet occurred. Measurements 
were made &t intermediary conditions up to the point just before the 
onset of unsteady flow. Gages and mercury manometers were used to record 
pressures. The mass flow through the model was measured with a cali- 
brated orifice located upstream of the throttle valve as shown in fig- 
ure 7. The differential pressure across the orifice was measured on a 
mercury-filled U-tube. All pressure measuring instruments were photo- 
graphed.  Total-temperature measurements were made upstream of the mass- 
flow orifice plate and in the settling chamber. Pressure measurements 
were estimated to be accurate within 31 percent and result in pressure 
and mass-flow ratios accurate to i2 percent. 
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RESULTS AND DISCUSSION 


Static- and total-pressure distributions presented were obtained for 
inlet operation in the supercritical region only. The flow was unstable 
below the critical point and no attempt was made to stabilize the flow 
for operation in the subcritical region. The data are presented for three 
operating conditions denoted by the ratio Dr Po: For all conditions 


discussed the inlets were started. 


At a free-stream Mach number of 5.11, if it is assumed that it is 
possible for & normal shock to exist just downstream of the leading edge 
of the outboard surface of any one passage and if subsonic losses are 
neglected, the estimated total-pressure recovery for any one passage is 
64 percent for both inlets. . 


Cascade Inlet 


Shadowgraphs.- The supersonic flow pattern at the entrance of the 
cascade inlet is shown in figure 8. It has been found experimentally 
that the supersonic flow at the entrance is independent of back pressure 
until the onset of unsteady flow. The position of the first shock is 
seen to be slightly different for each of the passages. This difference 
becomes more pronounced in the outboard direction. The disturbance "a" 
in figure 8(b) is weak and does not alter the flow entering the inlet. 


Passage pressure distributions.- Figure 9 shows the variation of 
Static pressure with length for both the inboard and outboard passages. 
The theoretical distribution for the inboard surfaces 1 and 5 of both 
passages is included for camparison. A value of pJ /Po = 0.36 is theo- 


retically obtainable slightly downstream of the leading edges of sur- 
faces 2 and 4. The general flow pattern is qualitatively as follows: 
For values of Рь/Ро equal to 0.31 and 0.36, the flow undergoes com- 


pression to the minimum section, supersonic expansion beyond this point, 
and further compression downstream. For Py /Po equal to 0.41 there is 


compression from the inlet leading edge up to the last measuring station. 


The difference in pressure ratio at the first measuring station for 
surfaces 1 and 4 is due to the local flow angularity which is estimated 
to be 411/29. For values of Py [Ро equal to 0.31 and 0.46 the decrease 


in measured pressure ratio beyond the minimum section is due to the cut- 
back of surfaces l and 5. 


The differences between the inboard- and outboard-passage flows are 
largely due to boundary-layer separation. Figure 10 presents the varia- 
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tion of cover-wall static-pressure Ра /Ро and total-pressure recoveries 
(Pp JP.) with passage width. Regions of separation (в, „2 Pe[ P.) are 


apparent. There is asymmetric separation from all surfaces of the inboard 
and outboard passages, and the asymmetry has no systematic relationship 
with back pressure. 


The weighted total-pressure recovery (weighted with respect to mass 
flow throughout this report) is 50 percent for both end passages when 
Руј Ро is equal to 0.41. This result is obtained under the assumption 


that the mass flow through the separated region is zero and that the 
static pressure measured on the cover wall and the total pressure meas- 
ured on the blade center line are constant across the passage height. 


Plenum-chamber-pressure measurement.- Figure 11 presents the total- 
pressure recoveries obtained in the subsonic plenum chamber at the rake 


location. The outboard portion of the plenum chamber indicates higher 
values of total-pressure recovery. This increase is probably due to the 
difference of flow travel before reaching the measuring station and is 
associated with less mixing losses. There is no distinguishable wake 
effect of the inboard blades at the measuring station. The weighted 
total-pressure recovery is 43 percent when P [Ро is equal to 0.41. 


Comparison of the weighted total-pressure recovery attained by the 
individual inboard and outboard passages with that attained in the 
plenum chamber indicates the magnitude of the Losses due to straight- 
ening the individual passage profiles as well as the mixing of the four 
subsonic streams. 


The Mach number distribution shown in figure 12 is reasonably uni- 
form, considering the separation which was present within the individ- 
ual passages as indicated in figure 10. 


otepped-Cascade Inlet 


Passage pressure distributions.- Figure 13 presents the variation of 
pressure with length for both the inboard and outboard passages of the 


stepped-cascade inlet. The theoretical distributions are included for 
comparison. The general flow pattern for all operating conditions is 
similar to that described for the cascade inlet. 


The inboard-surface pressure distribution for both passages near the 
leading edge is lower than theoretical. The difference is due to the 
local flow angularity of +1/2°. In figure 13(a) the pressure distribu- 
tion for inboard surface 1 as measured is in agreement with theory until 
the minimum section. For all values of p. Po» the decrease in pressure 
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ratio beyond the minimum section is due to flow expansion around the 
cutback surface 1. Іп the absence of sufficient data, the data for 
inboard surface 5 shown in figure 13(b) are.arbitrarily faired to show 
compression from the point beyonä the minimum up to the last measuring 
station. 


Figure 14 shows the variation of total-pressure recoveries with pas- 
sage width. The surface values are those obtained from the pressure dis- 
tributions shown in figure 15. There is asymmetric separation from all 
surfaces of the inboard and outboard passages, and the asymmetry has no 
systematic relationship with back pressure. 


Shadowgraphs.- The supersonic flow pattern at the entrance of the 
stepped-cascade inlet as well as the internal flow in the passages is 
shown in figure 15 for the values of p /Po indicated. The disturb- 
ance "b" emanates from the lower nozzle block and extends around the 
inlet. It is partially visible through the glass inserts in the nozzle 
cover walls &nd should not be considered in analyzing the passage inter- 
nal flow. 


Figure 15(b) clearly shows the difference in the separation of the 
supersonic flow along the inboard surfaces of passages A and B. The 
expansion at the upstream portion of the inboard surfaces of both pas- 
sages is due to the cutback of these surfaces. The portion of the inter- 
nal flow visible for the third passage is similar to that of passages A 
and B. 


Increasing Руј Po moves the region of supersonic flow separation 


forward on all the inboard surfaces as shown in figure 15(c). The flow 
in all passages is similar, with separation of the supersonic flow 
taking place asymmetrically. 


The flow pattern in passages А апа В of figure 15(d) can be 
conjectured as follows: Іп passage A the flow is subsonic with the 
possibility of supersonic flow along the outboard surface. The main 
supersonic flow region has moved upstream beyond the window. The flow 
in passage B consists of a supersonic region along the outboard sur- 
face of the passage and a highly turbulent subsonic region. As Руј Po 


increases there is no indication of the occurrence of a systematic normal 
shock pattern. 


Detailed correlation between the flow pictures as determined from 
the shadowgraphs of figure 15 and the pattern which can be inferred from 
the pressure profiles is difficult. The data of figure lh(b) are taken 
along the passage center line, whereas tbe shadowgraphs of figure 15 are 
pictures through the entire passage and present & composite three- 
dimensional-flow effect. 
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Plenum-chamber-pressure measurement.- Figure 16 shows the variation 
of total-pressure recovery across the width of the plenum chamber at the 
measuring station. The increase of total pressure in the outboard direc- 
tion is probably due to the difference in flow travel before reaching the 
measuring station. The weighted total-pressure recovery is 45 percent 
when Py /Po is equal to 0.45. Тһе Mach number distributions shown іп 


figure 17 are relatively uniform over the passage width. 


CONCLUSIONS 


An investigation has been made of two-dimensional cascade-type 
supersonic inlets at a free-stream Mach number of 3.11 and 09 angle of 
attack. Two inlets utilizing different methods of internal-flow com- 
pression were designed and tested to study primarily starting charac- 
teristics, mixing characteristics, and velocity profiles in cascade 
inlets. In one inlet (designated cascade inlet) the passages were con- 
toured to generate coalesced compressions; whereas, those of the other 
inlet (designated stepped-cascade inlet) were contoured to generate 
noncoalesced compressions. The following results were obtained from 
this investigation: 


l. The starting phenomenon of cascade inlets is such that each cas- 
cade starts by allowing spillage to the sides of the inlet and over the 
gueceeding cascade blades. Starting takes place almost instantaneously 
with the inboard passage starting first and the outboard passage starting 
last. Both inlets were stable in the supercritical region only. 


2. With mass-flow ratios of 1, the maximum values of total-pressure 
recovery obtained were 0.44 for the cascade inlet and 0.45 for the 
stepped-cascade inlet, as compared to a theoretical value of about 0.64 
for both inlets. Individual passages of the cascade inlet attained 
maximum values of total-pressure recovery of 0.50. The differences 
between maximum total-pressure recovery for the individual passages and 
the entire cascade inlet are due to the losses involved in straightening 
the velocity profiles of the individual passages and to subsonic mixing 
of the air from the individual passages. Higher total pressure recoveries 
could probably be obtained in cascade-type inlets if the inlets were not 
required to deliver air in the streamwise direction as in the case of the 
designs tested. 


5. The Mach number distributions obtained approximately 40 minimum 
widths downstream from the leading edge of the inboard passages of both 
inlets were fairly uniform across the passage width. 
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4, Separation of the supersonic flow which increases with back 
pressure takes place within the individual passages of both inlets. The 
separation is asymmetric, and the asymmetry has no systematic relation- 
ship with back pressure. 


Langley Aeronautical Laboratory, 
National Advisory Committee for Aeronautics, 


Langley Field, Va., May 6, 1954. 
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(b) Stepped-cascade inlet. 


Flgure 2.- Two-dimensional cascade-type inlets. 


Јел WA VOVN 


et 


1} meee МАСА RM L54E17 


Section AA 


Figure 5.- Starting process of stepped-cascade inlets. 
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Figure 4.- Cascade-inlet blade geometry. 
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Figure 5.- Stepped-cascade-inlet blade geometry. 
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(b) Stepped-cascade inlet. 


Figure 6.- Location of measuring stations. 


(All dimensions are in inches.) 
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Figure Т.- Schematic drawing of test installation. 
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(a) Inboard passage. 
Figure 9.- Cascade-inlet passage pressure distribution. 
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Figure 9. 
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Figure 10.- Cascade-inlet passage total-pressure-recovery distribution. 
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Figure 11.- Cascade-inlet total-pressure-recovery distribution in plenum 
chamber. 
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Figure 12.- Cascade-inlet Mach number distribution in plenum chamber. 
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Figure 15.- Stepped-cascade-inlet passage pressure distribution. 
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(b) Outboard passage. 


Figure 15.- Concluded. 
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(b) Inboard passage. 


Figure 14.- Stepped-cascade-inlet passage total-pressure recovery. 
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Figure 15.- Concluded. 
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Figure 16.- Stepped-cascade-inlet total-pressure-recovery distribution 
in plenum chamber. 
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Figure 17.- Stepped-cascade-inlet Mach number distribution in plenum 
chamber. 
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